A computational study on Pinnick oxidation of aldehydes into carboxylic acids using density functional theory (DFT) calculations has been evaluated with the (SMD)-M06-2X/ aug-pVDZ level of theory, leading to an important understanding of the reaction mechanism that agrees with the experimental observations and explaining the substantial role of acid in driving the reaction. The DFT results elucidated that the first reaction step (FRS) proceeds in a manner where chlorous acid reacts with the aldehyde group through a distorted six-membered ring transition state to give a hydroxyallyl chlorite intermediate that undergoes a pericyclic fragmentation to release the carboxylic acid as a second reaction step (SRS). 1 H NMR experiments and simulations showed that hydrogen bonding between carbonyl and tbutanol is unlikely to occur. Additionally, it was found that the FRS is a rate-determining and thermoneutral step, whereas SRS is highly exergonic with a low energetic barrier due to the Cl(III) → Cl(II) reduction. Frontier molecular orbital analysis, intrinsic reaction coordinate, molecular dynamics and distortion/interaction analysis further supported the proposed mechanism.
Introduction
The oxidation of aldehydes to carboxylic acids is a fundamental transformation in organic chemistry that is applied in many syntheses (examples of the use of Pinnick oxidation in synthesis of some bioactive molecules [1] [2] [3] [4] [5] , Pinnick-type protocol for amidation of aldehyde [6] ). Despite the variety of reagents available to achieve this oxidation (for general transformation of aldehyde into carboxylic acid, see [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] ), few of them are suitable for a broad range of aldehydes and/or tolerate a wide range of functional groups [22, 23] . Beside selectivity problems, high costs and complexity of the reaction conditions made the application of this transformation on a large scale reasonably difficult. By contrast, these drawbacks decrease with Pinnick oxidation. Pinnick oxidation has been widely used in organic synthesis due to the flexibility with many sensitive functionalities and suitability for sterically hindered aldehydes [22, 23] (for development of Pinnick oxidation, see [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] ). Although this reaction was first developed by Lindgren & Nilsson [27] and then by Kraus [26, 28] modifications developed by Pinnick were later demonstrated to be an efficient approach to oxidize α,β-unsaturated aldehydes to their corresponding acids by using sodium chlorite under mild conditions (figure 1a) [31] . The chlorite protocol has been extensively applied to aliphatic, aromatic and hetero aromatic aldehydes [22, 35] . The reaction mechanism was proposed to commence with protonation of the aldehyde by chlorous acid (HClO 2 ) to give intermediate 3 followed by an attack of the chlorite ion to carbonyl group to form hydroxyallyl chlorite intermediate 4 and the latter undergoes a pericyclic fragmentation to release carboxylic acid 2 and hypochlorous acid (HOCl) as a by-product (figure 1b) [27] . Moreover, it was found that HOCl can cause an undesired side reaction and destroy the NaClO 2 reactant [27, 35, 36] . Thus, HOCl scavengers such as 2-methyl-2-butene, resorcinol, sulfamic acid and hydrogen peroxide are added to increase the efficiency of the reaction [23, [27] [28] [29] 37] . Interestingly, the reaction mechanism of Pinnick oxidation is still not fully understood although the currently proposed one is acceptable, and overall this basic proposal has important considerations to be taken into account. Herein we interpret, for the first time, a DFT study on the mechanistic pathway of classical Pinnick oxidation, highlighting a detailed description of this transformation with the support of experimental 1 H NMR (figure 2). In this regard, molecular dynamics (MD) simulations were also implemented to assess the dynamics of the transition state (TS) at the atomic level. In addition, a distortion/interaction model was used to relate the activation energy of the first reaction step (FRS) to the deformation energy required to achieve the transition structure and understand the favourable interactions between the two distorted reactants that form TS. 
Computational details
All quantum calculations were performed using Gaussian 09 program [38] , where all geometries were fully optimized at the functional M06-2X [39, 40] with the basis set aug-cc-pVDZ [41] [42] [43] . All minima intermediates were verified by the absence of negative eigenvalues in the vibrational frequency analysis except transition state structures being visualized by animating the negative eigenvector coordinate. All TSs were located using the Berny algorithm [44, 45] . The thermal corrections were evaluated from the unscaled vibrational frequencies to obtain the free energies at 298.15 K. The effect of solvent was fully included in the optimization procedure via the solvation model based on density (IEFPCM-SMD) using t-butanol (t-BuOH) as a representative solvent medium [46] . To find the minimum energy path on the potential energy surface (PES), an intrinsic reaction coordinate (IRC) calculation in the presence of t-BuOH was performed for the identified TS using the Hessian-based predictor-corrector integrator, in which the Hessian was recomputed every three predictor steps with a step size of 0.05 Bohr [47] [48] [49] . All activation free energies are quoted relative to infinitely separated reagents. Classical molecular dynamics trajectory calculation, using the atom-centred density matrix propagation (ADMP), on TS was initialized in the region of the PES near to the TS and performed using Gaussian 09 in the presence of implicit solvation model (SMD/t-BuOH) and under standard conditions (T = 298.15 K and 1 atm) [50, 51] . The TS was initiated into forward and backward propagations showing the product and reactants (aldehyde and chlorous acid), in which a time step of 1.0 fs was used over periods of 300.0 fs. A default set for density kinetic energy and fictitious electron mass were applied with a fully converged self-consistent field (SCF) without reporting the band gap at each step. All structures are illustrated using CYLview [52] .
Results and discussion
Generally, our DFT calculations on Pinnick oxidation were carried out on a simple α,β-unsaturated aldehyde, acrylaldehyde (7, R 1 = H), to evaluate the general mechanism, and on substituted cinnamaldehyde to understand the effect of electronic groups. The oxidation of aldehyde to carboxylic acid was considered to occur on two steps; FRS represents the addition of chlorite ion to carbonyl moiety with or without acid additives, whereas second reaction step (SRS) depicts the pericyclic fragmentation to release the carboxylic acid and hypochlorous acid (ClOH).
Initially, considering the reaction without acid, a TS for the reaction of sodium chlorite (NaClO 2 ) with the aldehyde group was not located. We directly turned into the fact that in the presence of acid (NaH 2 PO 4 ) formation of chlorous acid (HOClO) by the proton-sodium exchange is thermodynamically reasonable (ΔG r,t−BuOH = 7.6 kcal mol −1 in SMD/t-BuOH or ΔG r,H2O = 0.5 kcal mol −1 in SMD/H 2 O) and to be correspondingly added to the aldehyde group. Reported literatures and textbooks clearly explain that the addition of HOClO is a multi-step process, as shown in figure 1b ; where protonation of carbonyl occurs first giving oxonium ion to facilitate the addition of chlorite ion as a second step. Within our calculations, a possible TS of proton transfer from HOClO, as a separate step from the addition of chlorite ion, was not found and, therefore, any complexation between chlorous acid and carbonyl was not formed. Consequently, these results gave the indication that HOClO can be added in a different way considering different conformations of HOClO.
To probe the conformational preferences of the HOClO, we examined its potential energy scan (figure 3a). Calculations show that HOClO with a dihedral angle of −80°as a cis conformer is more stable by around 5.0 kcal mol −1 than a trans conformer (Ѳ = 180°), whereas a zero dihedral angle is slightly more stable than Ѳ = 180°by 0.7 kcal mol −1 . This changed our description for the addition of chlorous acid to the aldehyde group. We believe that the stability of cis conformation arises from the repulsion between non-bonding electrons on both oxygen atoms on HOClO (figure 3a). In the case of Ѳ = −80°, the lone pairs on O = and HO moieties are far away from each other, whereas in the case of Ѳ = 180°, these pairs are close to each other resulting in electrostatic repulsions. This belief was supported by the electrostatic potential (ESP) map for cis and trans conformations (figure 3b). The charge distribution of electrons on HOClO shows that the red area represents the highest ESP energy and the blue area represents the lowest ESP energy, whereas the intermediary colour is the intermediary ESPs. Finally, in the cis HOClO, the electrostatic repulsions are minimized, leading to favourable interaction between chlorous acid and carbonyl.
We then explored the mechanism of the reaction based on a cis HOClO in the presence and absence of explicit t-BuOH (figure 4). DFT calculations without hydrogen bonding revealed that the addition of HOClO to carbonyl occurs in a concerted manner showing a distorted six-membered TS 8 with a barrier of 20.2 kcal mol −1 to give a thermodynamically thermoneutral hydroxyallyl chlorite intermediate 9 (ΔG r = 5.2 kcal mol −1 ) ( figure 4a ). The TS 8 shows that the proton of HOClO is more likely to be near [55] ), the interaction energy was found to be disfavoured (ΔG hyd = +7.9 kca mol −1 ) (figure 4b). This disfavourable interaction led to an increase in the barrier of the FRSto 28.7 kcal mol −1 (TS 8 t−BuOH ), thus ruling out the possible intermediacy of hydrogen bonding (via TS 8 t−BuOH ) due to the steric hindrance around the OH of t-BuOH. This result was supported by experimental 1 H NMR study 1 ( figure 5 ). The results showed that the OH signal has not been significantly affected by the carbonyl group although we observed a slightly deshielded shift of the OH signal in CDCl 3 (figure 2c) without being accompanied by signal broadening. Pinnick oxidation normally runs in a hugely excess amount of the solvent, so this hydrogen bonding would be out of effect, instead intermolecular hydrogen bonding between solvent molecules would rather be predominant. Thus, even with the slight shift in the OH signal, the reaction proceeds through the manner of the TS 8 progression (figure 4a). Moreover, Pinnick oxidation has also been conducted in aprotic solvents like acetonitrile and THF which supports the case for excluding the solvent bonding with TS 8.
Returning to the mechanism, hydroxyallyl chlorite intermediate 9 needs a rotation to release acid via pericyclic fragmentation as SRS, where C=O=[Cl] = O moiety is trans to the hydrogen atom of aldehyde Releasing acids was found to be kinetically and thermodynamically accessible. DFT calculations revealed that the energy barrier for the fragmentation step is 12.2 kcal mol −1 as a very thermodynamically favourable step (ΔG r = −101.9 kcal mol −1 ). This high exergonicity represents a reasonable result because of the reduction in the oxidation state of chlorine from Cl(III) to Cl(I). It was reported that Pinnick oxidation is an exothermic reaction, in which a large scale process should be run at 0 C [5] . In comparison with SRS, the FRS is rate-determining due to the double barrier needed for the FRS.
FMO analysis of the FRS
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are shown on the aldehyde and chlorous acid (figure 6) [56, 57] . Results show that HOMO-1 belongs to the HOMO of the alkene part whereas HOMO is the HOMO of carbonyl as an energetically higher orbital. On the one hand, an energy gap of 8.24 eV when aldehyde is HOMO part (HOMO = −9.20 eV) and acid is LUMO part (LUMO = −0.96 eV). On the other hand, the opposite configuration of orbital overlapping results in a slightly higher gap of 8.37 eV. That means chlorous acid is the LUMO part and carbonyl group is the HOMO part. This seems to us to be an inverse-electron demand ene-type reaction. There is a broad similarity between our findings and those for the ene-type reaction (For ene-type reaction see: [58, 59] ). However, different substituents, EDGs or EWGs, on the alkene site would change this orbital preference (see below). Visualization of the HOMO orbitals for TS 8 shows the orbital overlapping between the HOClO and carbon's carbonyl ( figure 6 ).
IRC and MD simulations of the FRS
To have a better visualization of the FRS, IRC and MD simulations were carried out with SMD/t-BuOH. The IRC result of the hydroxyallyl formation, shown in figure 7, points out three important considerations. Firstly, although the reaction is not forming a cyclic product, its TS forms a distorted six-membered ring to pass the FRS due to the required orientation between the cis conformation of the HOClO and carbonyl groups. Secondly, proton transfer from chlorous acid represents the first-half pathway, from the pre-reaction complex until the TS, with a noticeable change of the bond length near TS. 
Effect of electronic groups
Next, we probed the effect of electronic groups on cinnamaldehyde; EWG and EDG are tested on FRS and SRS (table 1). Geometries of TSs during the rate-limiting step (FRS) are shown in figure 9 whereas the TSs and intermediates of the SRS are shown in supplementary information. DFT calculations show reasonable trends for both EWG and EDG and generally they correlated very well based on the barriers of TS 8 which adds further validation to the level of theory being used in this system. Donating groups, entries 4 and 5, have decreased the barrier of the FRS whereas in the EWG group, entry 2, showed opposite behaviour except 4-Cl cinnamaldehyde, entry 3, whereas the unsubstituted cinnamaldehyde (entry 1, X = H) displayed a moderate barrier. In the case of EWG, the electronic deficiency increases on the oxygen's carbonyl and results in a weaker deprotonation along the six-membered ring TS due to the decrease in nucleophilicity and at the same time the electrophilicity of the carbonyl group increases. These activation barriers are consistent with the calculated energy gap. Interestingly, since FRS TS consists of deprotonation and oxygen addition, both EDG and EWG groups are more likely to be effective on the deprotonation step. The energy gaps of the FRS obtained from Frontier molecular orbital (FMO) analysis show that HOClO is the LUMO part and aldehyde is the HOMO part except for 4-NO 2 cinnamaldehyde, entry 2. Moving to the SRS, the electronic groups have not shown a positive effect in which unsubstituted cinnamaldehyde has the lowest barrier of 10.8 kcal mol −1 with a very thermodynamically favourable fragmentation step of − 102.1 kcal mol −1 . EDGs and EWGs did not lower the barrier of the pericyclic step with the highest barrier calculated for 4-chloro cinnamaldehyde (ΔG ‡ = 12.0 kcal mol −1 ). Here, exergonicity increases more clearly with donating groups whereas with 4-NO 2 it decreases, entry 2, although with 4-Cl substituent, entry 3, it increases slightly. Another validation of the effect of electronic groups on FRS is clarified from distortion/interaction analysis or activation strain model (see below).
Distortion/interaction analysis
Further investigations on the FRS, distortion/interaction analysis have been carried out on the FRS of the cinnamaldehyde and its derivatives (table 2). Estimated contributions of interaction and distortion energies for the FRS from a model for cycloaddition using an approach described by Houk and Bickelhaupt, (for distortion/interaction model see: [67, 68] ) where activation energy of a reaction can be analysed as a sum of distortion energy and interaction energy. Through this approach, the TS is separated into its components (aldehyde and HOClO) and followed by single-point energy calculations of the obtained separated reactive components. Here, their respective TS geometries must be preserved. Accordingly, the difference in energy between the distorted fragments and optimized ground state geometries represents the distortion energy (DE z,t dis ) of the aldehyde and HOClO, whereas the interaction energy is the difference between the activation energy and the distortion energy carbonyl. Very high deformation energy for chlorous acid suggests that the proton of HO-[Cl] moiety is actually closer to the oxygen's carbonyl group, which was supported by IRC and MD simulations, and on the edge of the product zone although the oxygen atom of the O = [Cl] moiety is still in the transition zone and, therefore, needs high energy to distort it. In this manner, EDGs display higher deformation energies with the highest deformation reported with TS 8e of 82.7 kcal mol −1 . Also, the highest interaction energies calculated for donating groups are higher than withdrawing groups with the highest interaction found for TS 8e of −75.8 kcal mol −1 . Having said that, this interaction represents a major factor in driving the reaction which originally arises from participation of the proton in facilitation of the FRS. Figure 9 . FRS TSs of cinnamaldehyde and its derivatives. The TSs and intermediates of the SRS involved in the oxidation of cinnamaldehyde and its derivatives are in the electronic supplementary material. 
Conclusion
DFT calculations on Pinnick oxidation of aldehyde into carboxylic acid were carried out using the (SMD)-M06-2X/aug-cc-pVDZ level of theory. Many findings for the reaction were obtained leading to a detailed description of the reaction mechanism that agrees with the experimental observations, importantly the role of acid. It was found that the chlorous acid (HOClO), and in the cis conformations, facilitates the FRS through a concerted mechanism, in which a distorted six-membered ring TS was obtained, leading to hydroxyallyl chlorite intermediate with the latter undergoing a pericyclic fragmentation to release the corresponding carboxylic acid in a low barrier (ΔG ‡ = 10-12 kcal mol −1 ) and very exergonic step (ΔG r > −100.0 kcal mol −1 ). Results showed that FRS is the rate-determining step. Calculations and experimental 1 H NMR confirmed that FRS doesn't proceed with the effect of hydrogen bonding from solvent. FMO analysis and IRC and MD calculations gave a fascinating insight about the nature of FRS's TS. Contributions from orbital overlapping between LUMO and HOMO were attributed to the HOClO and aldehyde, respectively, however, the opposite distribution was seen when a strong withdrawing group was present. IRC results showed that most of the calculated barrier of the FRS is evaluated for the proton transfer and not addition of oxo group of O = [Cl] moiety into oxonium ion. A validation on the PES of the FRS was achieved within MD simulation of the FRS; the timing gap between the addition of proton and oxo ligand into carbonyl was found to be 60.0 fs in a dynamically concerted manner. Calculations on cinnamaldehyde and its derivatives highlighted a relatively reduced and increased barrier of the FRS with EDGs and EWGs, respectively. Furthermore, distortion/interaction results added further understanding of the major contributions to the barrier of the FRS, exclusively realizing how high interaction energy arising from acidic facilitation is a major component in driving the FRS. Overall, the present study gives new insight into the reaction mechanism of Pinnick oxidation and indicates the possibility of an inverse-electron demand ene-type reaction during the rate-determining step.
